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Abstract 
A Pareto optimization study was carried out on a flat pad aerostatic bearing design. Some of the Pareto 
optimal configurations were then subjected to surface profiling errors including tilt, concavity, convexity 
and waviness and key performance parameters such as load capacity, stiffness and flow rate 
determined. From these studies it was concluded that multi-orifice aerostatic flat pad bearings are 
highly sensitive to surface profile variations and these surface profile variations are inherent limitations 
of the current manufacturing techniques.  A technique to account for the sensitivity to manufacturing 
tolerance within air bearing optimization studies is also proposed.  
Key Words: Pareto; surface; aerostatic; bearings 
1. Introduction 
The design of aerostatic bearings is becoming of increasing importance in engineering. As the trend to 
precision and ultra precision manufacture gains pace and the drive to higher quality and more reliable 
products continues, the advantages which can be gained from applying aerostatic bearings to machine 
tools, instrumentation and test rigs is becoming more apparent. Typical applications of aerostatic 
bearings are ultra precision diamond lathes [1], ultra precision 6 axis polishing machines [2], and 
coordinate measuring machines where highly repeatable positioning of one machine component 
relative to another is essential.  These bearings are also used in micro-machines such as micro-turbo 
machinery [3] for their compactness and large power to weight ratio and a variety of other applications 
such as read/write heads of magnetic recording disks [4], extravehicular activity space suit [5] and 
nanometer resolution machines [6]. Air bearings offer a number of advantages over conventional 
bearings such as negligible wear and friction, high precision, silent and smooth operation, and physical 
and chemical stability, etc. 
      Aerostatic bearings are manufactured in a number of forms such a flat pad, spherical, conical, etc. 
Flat pad bearings are produced as both rectangular and circular devices and are often designed to be 
used in the externally pressurized, aerostatic mode where the effects of the relative motion of the 
opposing surfaces on the air flow are insignificant. Externally pressurized air bearings may have a single 
entry orifice, multiple entry orifices or have a porous surface. 
      The literature presents a substantial amount of work done on the effect of manufacturing variations 
on the performance of the bearing. Early experimental and theoretical work by Pink and Stout [7] on 
aerostatic journal bearings demonstrated the effect of manufacturing errors on bearing performance. 
These errors included the position and diameter of the entry orifices and the form of the bearing 
surface. It was shown that such bearings were highly sensitive to deviations from the ideal cylindrical 
surface.  Later work by Kwan and Post [8] considered the influence of manufacturing errors on a single 
type of multi-orifice, rectangular flat pad aerostatic bearings. Again, deviations of the bearing surface 
from the ideal plane had a significant effect on bearing load capacity, stiffness and air flow rate. Li and 
Ding[9] studied the influences of geometrical parameters of a pocketed type orifice restrictor on an 
aerostatic thrust bearing. Chen and He[10] investigated the performance of high-precision gas 
lubricated bearings and the effects of the recess shape, orifice diameter, gas film thickness, etc on the 
load capacity and flow rate. Sharma and Pandey[11] compared the performance of surface 
profiled(cycloidal, catenoidal and polynomial pads) hydrodynamic bearings with the conventional plane 
thrust bearings and concluded that cycloidal pads can carry more loads in comparison to other profiles 
of pad under study for the same inputs and also cycloidal pads generate about 30% more maximum 
pressure in the bearing compared to the conventional plane profile pad. Barrans et al[12] explored the 
manufacturing error sensitivity of Pareto optimal aerostatic bearings and concluded that the sensitivity 
of bearing stiffness in particular to form error could have a dramatic impact on bearing performance. 
Currently typical flying heights for aerostatic bearings are in a range of 10 to 15 microns. However for 
nanometer applications, the gap height is much reduced and is of the order of three microns[13] with 
the minimum gap height permissible being very much dependant on the manufacturing techniques 
used. The most commonly used techniques for obtaining precisely finished flat surfaces for flat pad 
aerostatic bearings include grinding followed by more precise finishing operations like polishing/lapping 
[14]. Techniques like diamond turning [1] can also be used for obtaining flat surfaces with mirror finish 
which is ideal for flat pad bearing operation. Also improved grinding techniques like ELID grinding [15] 
and usage of micro-grinding tools[16] offer greater avenues for machining of precise flat pad bearing 
surfaces. In practice the maximum surface roughness allowed should not exceed 10% of the bearing 
clearance[17].  
There have been various efforts to optimize the performance of gas bearings using various techniques. 
In particular global search techniques like GA's[18-19], simulated annealing[20] and direct 
algorithm[21,22] have been widely used. However, these procedures may be computational expensive 
due to a large amount of iterations involved. To overcome this and to speed up the optimization 
process, Bhat and Barrans[23] suggested the Pareto optimization technique using a  uniformly 
distributed search technique. Wang et al[24] presented a performance evaluation of a new portable 
parallel programming paradigm, the Cluster OpenMP (CLOMP) for distributed computing, in conducting 
an optimum design of air bearings. The multi-objective optimization was carried out by using a genetic 
algorithm (GA) incorporating Pareto optimality criteria.  
    Although previous work[12] has been carried out to study the effect of manufacturing errors on the 
performance of multi-orifice flat pad bearings with different numbers of entry, a detailed study on how it 
affects the operational performance of the bearing and inherent limitations in the current techniques is 
lacking. In this paper a validated FEA (Finite Element Analysis) code[23] has been used to examine the 
effects of surface form errors. A number of different Pareto optimal bearing types are examined and the 
relative sensitivity of these bearings to manufacturing errors is investigated in terms of operating 
performance of the bearing. Current manufacturing techniques for air bearings are also investigated and 
the concept of a performance volume has been introduced to include manufacturing error sensitivity 
within the  optimization process.  
 
2. Background Study 
2.1   Pareto optimality criteria 
The optimization of aerostatic flat pad bearings is considered from the viewpoint of maximizing the load 
and stiffness and minimizing the flow rate. Since conflicting criteria are involved in this case, the Pareto 
optimal concept is used to identify the optimal solution sets. The Pareto optimum set is defined as a 
non-inferior set of solutions for which there is no way of improving any criterion without worsening at 
least one other criterion. The technique of identifying the Pareto optimal set of bearing designs by 
comparing the performance of the bearings over a feasible range of gap heights has been demonstrated 
by Bhat and Barrans[25]. It is noted that at present, the optimization does not take into account choking 
of the flow and considers only the static stability of the bearing. 
 
      The content of the Pareto set will clearly depend upon the constraints placed on the design variables 
for a particular application. For the purposes of this paper, a Rank L inherently compensated bearing of 
the form (similar to the one used in [12]) shown in Figure 1 was used with the constraints shown in Table 
1. However in this case a fixed feed pipe length was used rather than a fixed feed pipe diameter as is the 
case of [12]. This eliminated bearing designs with long pipes. Thus orifice diameter dominates the inlet 
flow resistance unlike the case of [12] where orifice length is the major restrictor to the inlet flow into 
the gap. This makes the bearing easier to manufacture and assemble than the ones in [12] where long 
feed pipes have to be assembled into the bearing.  
As in the previous work [12] variable rather than fixed orifice spacing along the length of the bearing was 
used to extend the high pressure region under the bearing and hence increase load capacity. In this 
optimization problem, the objective is to minimize all the three performance criterion values, so the 
original problem of optimizing different criterion (maximize(load, stiffness), minimize(flow)) changes to 
minimize(1/Load,1/stiffness, flow). Hence high performance is associated with low values of the criteria 
shown here.  
 Figure 1. Design variables defining the Rank L bearing configuration used for 
this study 
The optimization run was carried out using an experimentally validated code developed by Bhat and 
Barrans[23]. The elements used to model the air gap were two dimensional linear elements with a 
formulation derived from the Reynolds equation for steady state, laminar flow between parallel plates. 
An automatic mesh generation package was used to define up to six elements between orifices. The inlet 
orifices were modeled using linear one dimensional elements simulating flow through a long pipe. 
Input Variable Range Input Variable Range 
Aspect Ratio (L/B) 1 – 2 Number of orifices 
along length 
3 - 10 
Breadth of bearing 
(B) 
60mm – 
75mm 
Orifice spacing 
ratio (S1/S2) 
1 - 3 
Side land ratio b/B  0.1 – 0.25 Diameter of orifice 0.05 – 1 mm 
Supply Pressure 
value 
4 bar – 6 bar Length of orifice 10 mm 
Table 1. Design variable ranges 
2.2 Surface profiling errors  
Manufacturing error variations as characterized by Kwan and Post[8] are shown in Figure 2. These consist 
of tilt, sinusoidal concavity or convexity in one dimension and waviness in one dimension. Waviness can 
be further subdivided based on the number of wavelengths appearing over the length of the bearing, as 
shown in Figure 2. Clearly, this list is not exhaustive but will include the frequently occurring errors. 
 
B
L
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b 
 Figure 2. Nominal gap height, h0 and error magnitude, he, for the six surface error 
forms being considered 
It can be seen that the gap height is a function of he(maximum error deviation) and ho(nominal gap 
height) depending on the type of error wave form(tilt, concavity, etc). The validated finite element code 
developed by Bhat and Barrans[23] was extended to allow these variations to be included. This finite 
element code models the air gap assuming that there is steady state, compressible, laminar flow 
between surfaces that are locally parallel. The flow resistance offered by the orifices is introduced using 
a pipe element of the required length and diameter. Previous studies [23] had indicated that 400 to 500 
elements modeling a quarter of the bearing were sufficient to provide a converged solution. 
The form error was defined as a function of nominal gap height and its variation is as shown in Table 2. 
Thus unlike [12] a fixed form error value rather than variable one was used. This helps in quantifying the 
performance of the bearing with respect to the change in form error value and compares the 
performance of different bearing configurations on a common scale. 
he/h0 0.065 0.133 0.267 0.4 0.533 0.667 0.8 0.915 
he(microns) (based on 
h0 = 5 microns) 0.325 0.665 1.335 2 2.665 3.335 4 4.575 
Table 2 Form error magnitudes used in this study 
3. Pareto Optimization Studies 
A Pareto optimization study akin to the one described earlier by Bhat and Barrans[23] was carried out 
based on the input parameters given in Table 1. The criteria used in the study were not simply the 
values of load, stiffness and flow at a particular gap height. Rather, as described in detail in [25], these 
performance values were determined over a range of gap heights between acceptable limits. The area 
under this performance curve was then used as the criterion in each case. This concept of a 
performance area is discussed in more detail in section 7. 
The results of the Pareto optimization run are given in Table 3. The design numbers here are simply 
references to a uniformly distributed sequence of points within the design space. The Pareto optimal 
points are selected from the trial points by comparing the performance criteria of all points. Those 
points that cannot be improved on with respect to one criterion without worsening at least one other 
criterion are members of the Pareto set. Only the Pareto optimal points are given in Table 3. 
Design 
No.  
Bearing 
aspect 
ratio 
L/B  
Bearing 
width 
B(m) 
Side 
land 
ratio 
b/B 
NO 
orifices 
n 
Orifice 
spacing 
ratio 
S1/S2 
Pressure 
ratio 
Orifice 
pipe 
diameter 
(mm) 
1/Load 
Area 
(1/Nµm2) 
1/Stiff 
Area 
(N) 
Flow 
Area 
(kgµm/s) Rank 
143 1.94 0.072 0.224 3 1.23 5.5703 0.3877 3.89E-05 6.64E-02 2.02E-03 1 
107 1.84 0.070 0.283 7 2.42 4.8594 0.0871 4.76E-05 6.90E-04 1.85E-03 2 
25 1.59 0.075 0.219 3 1.31 5.3125 0.3766 4.33E-05 6.25E-02 2.11E-03 3 
211 1.79 0.067 0.298 6 2.49 5.7734 0.0834 4.92E-05 6.59E-04 2.03E-03 4 
231 1.90 0.065 0.182 8 2.40 5.6797 0.0686 6.66E-05 5.72E-04 1.47E-03 5 
235 1.84 0.070 0.145 4 1.52 5.5547 0.2467 4.55E-05 1.20E-02 2.72E-03 6 
7 1.88 0.073 0.225 4 1.75 4.75 0.6438 3.82E-05 4.07E-01 3.01E-03 7 
93 1.73 0.064 0.298 5 2.52 5.9531 0.1020 4.34E-05 8.18E-04 3.18E-03 8 
199 1.89 0.068 0.191 4 2.80 5.8359 0.1725 4.22E-05 2.94E-03 3.25E-03 9 
155 1.85 0.071 0.131 5 2.91 5.5078 0.2986 4.15E-05 2.33E-02 3.27E-03 10 
190 1.49 0.070 0.196 6 2.76 4.6016 0.0760 9.64E-05 9.49E-04 9.92E-04 11 
185 1.61 0.071 0.271 5 2.01 5.8516 0.4322 3.35E-05 1.09E-01 3.45E-03 12 
195 1.76 0.074 0.216 4 1.55 5.5859 0.7662 3.66E-05 9.87E-01 2.68E-03 13 
78 1.45 0.075 0.167 5 1.08 4.2656 0.0723 1.09E-04 9.42E-04 6.02E-04 14 
113 1.55 0.067 0.177 8 2.48 5.4219 0.0574 1.14E-04 7.10E-04 7.29E-04 15 
77 1.70 0.071 0.217 3 1.58 5.7656 0.7848 4.50E-05 1.35E+00 1.94E-03 16 
45 1.70 0.073 0.103 6 1.22 5.2188 0.3617 4.08E-05 4.61E-02 4.04E-03 17 
137 1.57 0.067 0.199 6 1.48 5.8203 0.2689 3.91E-05 1.85E-02 4.24E-03 18 
133 1.63 0.062 0.237 10 2.35 5.9453 0.0908 4.30E-05 7.48E-04 4.35E-03 19 
111 1.96 0.064 0.258 6 1.67 5.1094 0.4434 3.53E-05 1.05E-01 4.57E-03 20 
203 1.82 0.073 0.154 7 1.93 5.7109 0.3506 2.93E-05 3.69E-02 4.68E-03 21 
238 1.46 0.072 0.220 7 1.77 4.8047 0.1279 3.87E-05 1.19E-03 4.60E-03 22 
167 1.89 0.070 0.277 6 2.45 5.2891 0.6994 3.09E-05 6.06E-01 4.43E-03 23 
15 1.94 0.072 0.163 6 2.13 4.875 0.2281 3.30E-05 5.73E-03 4.88E-03 24 
255 2.00 0.072 0.201 5 1.71 5.9922 0.8701 2.97E-05 1.48E+00 3.19E-03 25 
27 1.84 0.071 0.269 8 1.81 4.8125 0.1391 2.90E-05 1.17E-03 5.80E-03 26 
119 1.93 0.073 0.202 6 2.23 5.1719 0.1762 2.77E-05 1.96E-03 5.88E-03 27 
97 1.52 0.074 0.295 7 1.55 5.2344 0.7402 2.81E-05 7.68E-01 5.62E-03 28 
135 1.88 0.073 0.287 7 2.85 5.4453 0.8033 2.47E-05 9.58E-01 6.01E-03 29 
69 1.63 0.072 0.280 8 1.20 5.6406 0.2504 2.57E-05 1.03E-02 6.51E-03 30 
Table 3 Design variables and performance values for the generated Pareto set 
The content of the Pareto set will clearly depend upon the constraints placed on the design variables as 
shown in Table 1 for a particular application. Moreover, high performance is associated with low values 
of the criteria shown here. The Pareto optimal points were ranked based on a weighting method 
previously described by Barrans and Bhat [25],which places the points in order based on their distance 
from the origin in normalized criteria space. It should be noted here that only the Pareto set is ranked so 
all points are still Pareto optimal. The ranking process simply serves to identify those designs where 
performance with respect to one or two criteria is not extreme. The normalized result which illustrates 
the performance of different Pareto optimal points is shown in Figure 3. 
 
Figure 3: Relative performance of Pareto optimal set 
 
The compromises associated with bearing design are clearly illustrated by these results. Design 75 has 
the high stiffness and a high load capacity but also has the highest flow rate which affects its ranking in 
the Pareto optimal set. Design 193 minimizes the flow rate but this significantly reduces the load 
capacity. Point 143 provides the best compromise between all three criteria and hence is ranked number 
227 1.78 0.071 0.207 9 1.15 5.4297 0.6623 2.54E-05 4.45E-01 6.85E-03 31 
165 1.64 0.074 0.227 7 1.95 5.7891 0.9369 2.75E-05 2.02E+00 4.91E-03 32 
247 1.93 0.073 0.263 10 1.34 5.8672 0.3357 1.99E-05 2.75E-02 7.62E-03 33 
171 1.83 0.075 0.240 9 1.57 5.1641 0.8775 2.22E-05 1.15E+00 7.16E-03 34 
151 1.91 0.066 0.168 9 1.79 5.6328 0.1205 2.86E-05 7.41E-04 7.75E-03 35 
152 1.10 0.067 0.181 4 1.41 5.0078 0.0611 2.26E-04 1.40E-03 3.90E-04 36 
193 1.51 0.062 0.166 6 1.05 4.0859 0.0537 2.85E-04 1.55E-03 2.22E-04 37 
75 1.82 0.073 0.292 10 2.83 5.0156 0.1910 2.22E-05 2.66E-03 1.03E-02 38 
one in the Pareto set of optimal designs. The design parameter values for these designs are shown in 
Table 3. Point 231 has the highest stiffness but also a very high flow rate. Similar is the case for point 247 
which has the highest load capacity but its position in the ranking table is affected on account of having 
high flow rate values.   
4. Performance changes 
In this section, the change in performance characteristics for a Pareto optimal bearing is analyzed for 
various surface profiles. Pareto optimal bearing 119 with dimensions as given in Table 3 is chosen for 
analysis. Figure 4 shows the impact of three of the form errors on the three performance criteria. Figure 
4(a) shows the effect of a concave surface profile on stiffness. The stiffness, K, has been normalized with 
respect to the nominal load capacity Kn (i.e. load capacity at that particular gap height with no 
manufacturing error) on the vertical axis. At low gap heights, an increasing magnitude of concavity error 
(he) gives a large increase in stiffness values(K/Kn~6). Stiffness is a complex mechanism involving two 
resistances in series (resistance due to the orifice and resistance due to the gap height). It is maximized 
when the two resistances have almost the same value.  Introducing concavity to the bearing surface 
makes the resistance to air flow more complex. At low gap heights with a high level of concavity, there 
are effectively three resistances: the feed pipe or orifice, the gap region in the centre of the bearing 
where the resultant gap is large and the gap region towards the ends of the bearing where the resultant 
gap is small. This third resistance is over only a small length of bearing. Hence, a small change in gap 
height here will have a dramatic effect on the air resistance and hence the stiffness. Longitudinal 
concavity also results in an increase in the load capacity of the bearing, specifically at lower gap heights 
as seen in Figure 4(c). This effect has already been explained in the previous section. However, this 
effect is not significant at higher gap heights due to increased flow rates, which results is rapid pressure 
loss just beneath the orifice. This effect is also referred to as the pressure depression effect [26] 
However, if manufacturing errors result in longitudinal convexity of the bearing surface, it can have 
deleterious effects on the stiffness as shown by negative stiffness regions in Figure 4(b). Although this 
phenomenon has been mostly attributed to journal aerostatic bearings[27], It has also been observed in 
flat pad aerostatic bearings[28]. It can be seen from the graph that it occurs at low values of gap heights 
and for maximum allowable value of surface deviation.  This effect is often termed static instability or 
'lock up' which commonly occurs for orifice compensated bearings [28-31]. The negative stiffness region 
implies that bearings will support a lower load as the gap height closes than what it will support at 
higher gap heights.  
 (b) 
Figure 4 Performance characteristics over the range of nominal gap heights, 
h0, and error magnitudes, he, for Pareto optimal bearing 119 ((a) stiffness, 
concave error, (b) stiffness convex error 
 
  
Figure 4 Performance characteristics over the range of nominal gap heights, 
h0, and error magnitudes, he, for Pareto optimal bearing 119 ((c) load,concave 
error, (d) flow, sinusoidal error) 
 
This trend can be clearly seen from Figure 5 wherein the load capacity actually decreases at smaller gap 
heights (h~<6 microns) giving rise to negative stiffness regions.  
 Figure 5  Load capacity variation with nominal gap height, h0,  for 
design 119 (Convex surface profile and maximum value of form 
error he) 
 
Lock up has been attributed to unevenness in the flow distribution among the feeder holes due to 
manufacturing inaccuracies or faulty design[29]. However, in the cases shown here the negative 
stiffness is generated when the orifice pressure approaches the supply pressure. Further reduction in 
the air gap can therefore not be accompanied by an increase in pressure in the air gap and hence there 
is no increase in load capacity. Where the air gap is uneven, this effect will vary from orifice to orifice. 
This is the case for bearing number 119 since multiple orifices are distributed in accordance with the 
spacing ratio along a convex surface leading to uneven flow between different orifices due to varying 
gap heights. The effect is also a function of orifice spacing ratio since this influences how the orifices are 
placed along the manufactured surface. Orifices closer to the edge will leak more as compared to the 
orifices near the center of the bearing. It can be seen from Figure 6 that the negative stiffness region 
disappears as the orifice spacing ratio is increased to 3 from a current value of 2.2 since there is less 
unevenness in flow distribution as all the orifices are located towards the edge of the bearing.  It can be 
also seen from figure 4(b) that with the increase of gap height the effect of surface unevenness is 
minimized and hence the negative stiffness regions are eliminated.  
Figure 4(d) illustrates the relation between the sinusoidal form error(Waviness = L/2) and flow rate. The 
rate of increase of flow rate is greater for smaller values of gap heights with increasing value of 
sinusoidal form error. However for higher values of gap height there is no significant increase in flow 
rate values as the surface variations do not significantly alter the resistance across the gap at higher 
values of gap heights.  
Thus at higher gap heights, these curvature errors do not play a significant role in altering the flow 
profile in an aerostatic flat pad bearing. 
  
 
 
Figure 6  Change in stiffness for design 119 over a range of nominal gap 
heights, h0, and magnitudes, he, of convex surface form error. 
 
5. Change in operating gap height 
 
Surface variations along the surface of the air bearing can either improve or impair the performance of 
the bearing as seen in section 4. Apart from negative stiffness regions as shown in section 4, surface 
variations can also lead to a drop in load capacity and increase in flow rates for certain values of gap 
heights.  Thus it is necessary to understand the change in operating performance of the bearing when it 
is subjected to surface variations.  
Three Pareto optimal bearing designs as identified in Figure 3(143, 75 and 193) were selected to analyze 
their performance based on sensitivity error analysis. Whilst Point 143 gives a good compromise in 
terms of load capacity, stiffness and flow rate, Point 193 has the lowest flow rate while Point 247 has 
the highest load capacity over a range of gap heights.  The maximum and minimum change in 
performance over all six form errors were identified for each performance criterion for the full range of 
operating gap height. The results of this analysis are shown in table 4. 
 
Design W/Wn K/Kn F/Fn 
max min max min max min 
143 1.131 0.864 46.744 -46.18 1.88 0.543 
247 1.04 0.96 17.01 -5.5 1.32 0.99 
193 1.10 0.88 1.18 0.5 1.21 0.79 
Table 4. Typical ranges of changes in performance characteristics 
for different Pareto optimal bearing designs 
It is clear from these results that load capacity is the performance criterion least affected by form error. 
Form error had the least impact on load capacity for design 247, the bearing that was selected as having 
a particularly high load capacity. Design 193 which was selected because it had a low flow rate, showed 
the least sensitivity to all three form errors. It was interesting that whilst design 143 gave a good 
compromise in terms of the performance criteria, design 193 out performs it in terms of sensitivity to 
form error, although design 193 was ranked 37 places behind point 143 as can be seen in Table 3. Both 
point 143 and 247 have negative stiffness regions as can be seen from Table 4.  This makes both the 
bearing designs extremely sensitive to form errors.  
Of all the three form errors, it can be seen that stiffness is the most impacted when the bearing is 
subjected to surface deviation errors. This affects the operating gap height for the bearings since the 
bearings are no longer functional at those gap heights due to negative stiffness or due to the bearing 
stiffness values being much below the rated stiffness value at those operating gap heights. Figure 7(a) 
shows the performance for bearing 247(selected for highest load capacity) at a gap height of 5 microns 
for various values of convexity surface error deviation whilst Figure 7(b) shows the performance for 
bearing 193 at a gap height of 5 microns for various values of sinusoidal surface error 
deviation(wavelength = l) 
It can be seen for both the cases that the bearing is virtually inoperable for a gap height of 5 microns. In 
case of bearing 247, it is due to the presence of negative stiffness region whilst in the case of bearing 
193; the actual values of stiffness and load capacity are much lower than the nominal values. This 
example highlights the importance of using the manufacturing error sensitivity as a performance 
criterion in an air bearing optimization problem since manufacturing variations can drastically affect the 
operating range of an air bearing.  
 Figure 7(a) Impact of convexity error magnitude on load capacity, stiffness 
and flow for bearing 247at a gap height of 5 microns 
 
Figure 7(b) Impact of sinusoidal (wavelength = l) error magnitude on load 
capacity, stiffness and flow for bearing 193 247at a gap height of 5 microns 
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6. Current surface manufacturing methods and their relevance for flat pad bearing manufacture 
In the previous sections the effect of form errors on the performance of multi-orifice bearings was 
highlighted. Whilst in some cases the surface variations can enhance the performance of the bearing, it 
can also cause a sudden loss in stiffness as seen in section 5. Thus surface accuracy and flatness of air 
bearing pads become a significant factor and needs to be accurately controlled. As stated before 
maximum surface roughness should not exceed 10% of the bearing clearance. Ultra precision machining  
techniques  which remove materials from a few microns to sub-micron level like diamond turning[1] and 
finishing processes like ELID grinding and lapping/polishing[14,15] can be used to machine air bearing 
surfaces with sub micrometric form accuracy and nanometric roughness. Diamond turning is an ultra-
precision lathe-like process using a single point diamond tool predominantly used on ductile materials 
(metals, plastics etc). It is particularly useful in producing flat, spherical and aspheric mirrors, off-axis 
and free-form surfaces. This machining process is able to achieve mirror surface finish of less than 10 nm 
roughness and form error of less than 1 µm [32].However, a big challenge posed is the short tool life of 
diamond cutters and polishing process like lapping are often required after diamond turning since the 
diamond turning process leaves a regular pattern of “diamond turning marks” on the surface[33]. 
 
A commonly used polishing technique is manual lapping [34], which uses a precisely shaped rigid lap 
made of pitch or polyurethane. This transfers pressure through abrasive slurry to the entire surface 
material of the component. Material is then removed by chemical and mechanical interactions between 
the abrasive and the component. However, it has a relatively slow removal rate and so takes a long time 
to fabricate high precision surfaces. Automated lapping using 6 axis polishing machining system with 
sub-aperture lapping and on-line testing capability has also been reported[35]. The new system is based 
on computer-controlled optical surfacing (CCOS), which combines the faculties of grinding, polishing, 
and on-machine profile measuring, and has the features of conventional loose abrasive machining with 
the characteristics of a tool having multiple degrees of freedom. 
 
ELID grinding[32] can also be used for nanosurface generation since it improves over the conventional 
grinding process. The latter produces a poorer finish because the active sharp grits per unit area of the 
grinding wheel decreases during grinding until the next dressing cycle. In the case of the ELID grinding 
technique, the active sharp grits per unit area of the wheel remain the same due to constant dressing 
and this leads to improved surface integrity and surface roughness. The ELID grinding technique also has 
the advantage of reducing the bonding strength of the wheel working surface, hence improving 
grindability. 
 
Ultraprecision mirror surface grinding using ELID, which achieved a surface roughness of 0.007 microns 
in Ra and surface straightness of 0.25 microns for a metal mold steel has been reported[36]. 
Commercially available system like the Zeeko polishing machine [37] have been gaining prominence. 
Although this machine was originally designed to manufacture aspheric glass telescope lenses, Charlton 
et al[38,39] have demonstrated that the machine can also be used to effect the removal of surface 
material from a range of materials and the depth of material removal can be controlled to a precision of 
less than 100 nm, dependent on the material being machined and the polishing media being used for 
the removal. A shallow pocket of about 4 µm depth for a novel aerostatic flat pad bearing was machined 
using this process[40]. Precision profiled surfaces[41] can also be manufactured using this machine. This 
feature can be used to manufacture high performance flat pad bearings with engineered surface profiles 
that enhance bearing performance as seen in the previous sections.  However the disadvantage of the 
process is that the processing time is very long and deviations in shapes caused due to limitation of 
polishing head radius [40]. 
 
7. Concept of performance volume 
The previous optimization studies [23, See section 3] carried out consider the areas under the load, 
stiffness and flow curves for a flat pad bearing as performance criteria wherein the objective is to 
maximize the load and stiffness areas whilst minimizing the flow area. This is done by calculating the 
load, flow and stiffness characteristics over the full range of gap heights. This methodology was 
employed because it was recognized that a flat pad bearing will operate over a range of gap heights 
depending on the load applied. Whilst at a specific gap height performance may be very good, at 
another height an aspect of performance may be very poor. However as seen from the previous section 
load, stiffness and flow are highly sensitive to bearing surface deviations. Therefore in order to ensure 
robust bearing performance, it is necessary to  incorporate the effect of different types of surface error 
profiles  over the full range of operational gap heights into the optimization study. 
 
Herein we propose the concept of performance volume to account for manufacturing variability within 
an optimization process. The performance volume concept helps in selection of bearings which are not 
just optimized in terms of performance criteria[23] but are also relatively insensitive to manufacturing 
variations. In [23] the lower and upper limit for calculating the areas under the load, stiffness and flow 
curves (based on predefined bearing performance) in Figure 8 was derived as follows. 
 
)h,hmax(L minL 2= ………………..………………………Eqn 1 
)h,h,hmin(U L 431= …………………………………………Eqn 2 
 
Figure 8. Performance area curves 
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 Wherein h1 is the gap height where the minimum load condition is reached, h2 and h3 are the gap 
heights where the minimum stiffness condition is reached and h4 is the gap height where the maximum 
flow condition is reached. hmin being the minimum gap height based on the surface tolerance grade for 
the bearing [23]. 
A similar process would be involved when the performance of the bearing subject to surface error 
deviation is considered. However in this case the performance curves for a bearing subjected to surface 
error deviation will have to be considered. For example the maximum load capacity (max load over 
tolerance range) will be the maximum load over 6 different ranges of surface deviations (tilt, concavity, 
convexity, etc) subjected to varying surface deviation values for that particular gap height. This has been 
illustrated in Table 5 which shows the maximum and minimum load capacity over a range of surface 
error deviations and tolerance range values. Performing these calculations over a range of gap heights 
and range of surface error deviation values would generate performance area graphs as shown in Figure 
9. This would enable the lower(LL) and the upper limit(UL) over which the performance of the bearing 
needs to be assessed to be defined.  
Having calculated the lower and the upper limits, the performance volume between the lower and 
upper limit over a range of surface error forms and magnitudes can be calculated. For example, table 5 
shows the load capacity for a nominal gap of 5 mm for each of the six surface error forms over a range of 
surface error magnitudes. For each error magnitude, one of the error forms will result in the lowest load 
capacity. Plotting these minimum load capacities over a range of nominal gaps will result in graphs of 
the form shown in figure 10. The volume under this graph between the previously identified upper (UL) 
and lower (LL) limits will provide a measure of the performance of the bearing. Three performance 
measures can thus be defined accounting for manufacturing variability and used in the Pareto 
optimization routine.  
 Form error magnitude(µm) 0.325 0.665 1.34 2.00 2.67 3.34E 4.00 4.58 
Load Capacity(gap = 5 µm)                 
Longitudinal tilt 671.81 671.85 671.99 672.23 672.55 672.98 673.52 674.09 
Concavity (sinusoidal) 672.48 672.88 672.82 671.69 669.59 666.56 662.72 658.77 
Convexity (sinusoidal) 670.82 669.48 665.78 660.69 654.11 645.91 636.19 626.50 
Waviness (sinusoidal)                 
λ = l 671.54 670.72 667.42 661.93 654.17 643.99 631.45 618.59 
λ = l/2 671.37 669.99 664.55 655.63 643.36 627.80 609.40 591.28 
λ = l/3 671.48 670.46 666.37 659.58 650.02 637.56 622.42 607.12 
Table 5 Example illustrating calculation of minimum load capacities 
 
 
Figure 9. Illustrating how surface form error may impact on bearing performance  
Note that having set the upper and lower bounds, it will not be possible to produce bearings with 
strange performances (such as negative stiffness). This ensures that the bearings at the extremes of 
manufacturing variability do not become critically unstable. Using this technique, bearings that perform 
well but are also insensitive to manufacturing variations can be distinguished. 
8. Conclusions 
 
Surface profile deviations within certain limits may significantly enhance the performance of ‘flat’ pad 
bearings. Thus a sensitivity analysis can be used as a tool to develop high performance flat pad 
aerostatic bearings. Current manufacturing techniques especially diamond turning in conjunction with 
high precision polishing make it possible to introduce the engineered surface profiles essential for 
producing high performance bearings. However bearings subjected to extreme deviations of form error 
can also exhibit deleterious stiffness properties. Thus a tight control of surface form variation during 
manufacturing is required. Also the optimization techniques for an air bearing must take account of the  
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sensitivity of bearing performance to surface form errors. This will result in the design of bearings robust 
to surface form deviation.  
 
Figure 10. Definition of the load performance volume 
The next step is to extend the current bearing analysis code to include a number of factors that will also 
have an impact on bearing performance. The current code does not take account of the fact that flow 
will be choked when pressure differentials are high. Also, the will be bearing designs within the design 
space that are inherently unstable for certain operating parameters. Both these factors could either limit 
the range of gap heights over which the bearing can be operated or make a particular bearing design un-
usable. In both cases, once the performance has been calculated by the bearing analysis code, 
accounting for it within the optimization algorithm is straight-forward. 
Once these additional bearing performance factors have been accounted for, the current Pareto 
optimization technique can be extended to account for the sensitivity of the bearing design to errors in 
surface form. This will be done by using the performance volume concept as illustrated above. Also 
bearings with engineered surface profiles will be manufactured and tested to prove the concept of high 
performance bearings.  
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